Introduction
Carbon metabolism in photosynthetic organisms occasionally changes direction, i.e. to anabolism or catabolism, in response to light and the available carbon source. In eukaryotes, effective preclusion of interference of one metabolic reaction with another is obtained by compartmentation within organelles. In contrast, in prokaryotes including cyanobacteria, all metabolism proceeds in the same compartment in a cell in a well-controlled manner, even though some enzymes, such as triosephosphate isomerase, phosphoglycerate kinase and fructose 1,6-bisphosphate aldolase (FBA; EC 4.1.2.13), are involved in bidirectional reactions (glycolytic and photosynthetic metabolism) (Nakahara et al. 2003) . These processes are separated temporally in unicellular cyanobacteria. For example, expression of photosynthetic genes is induced in the daytime while that of glycolytic genes occurs at night in Cyanothece sp. ATCC 51142 (Stöckel et al. 2008) . As for switching between the storage and utilization of carbohydrates, regulation through the cellular photosynthetic status via the interaction of thioredoxin and a key enzyme in glycogen metabolism, phosphoglucomutase, has been reported in Synechocystis sp. PCC 6803 (hereafter referred to as PCC 6803) (Lindahl and Florencio 2003) .
In PCC 6803, D-glucose (D-Glc) has also been shown to up-regulate expression of proteins and genes of glycolytic enzymes (Knowles and Plaxton 2003 , Tabei et al. 2007 , Tabei et al. 2009 ). PCC 6803 can utilize glucose as a carbon source and grow heterotrophically even under dark conditions, but daily pulses of irradiation are required, which is called light-activated heterotrophic growth (LAHG) (Anderson and McIntosh 1991) . Several genes that are involved in the growth of PCC 6803 under LAHG conditions, including the glycolytic gene fbaA, have been identified (Howitt et al. 2001 , Kong et al. 2003 , Durán et al. 2004 , Osanai et al. 2005a , Osanai et al. 2005b , Tabei et al. 2007 , Tabei et al. 2009 ). However, the physiological significance of the light irradiation in the utilization of glucose in PCC 6803 remains unclear.
The whole-genome sequence database for PCC 6803 has revealed the presence of genes encoding class-I and class-II FBAs [slr0943 (fda) and sll0018 (fbaA), respectively] in this Plant Cell Physiol. 53(10): 1720-1727 (2012) doi:10.1093/pcp/pcs115, available online at www.pcp.oxfordjournals.org ! The Author 2012. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com organism. Both genes were transcribed under photoautotrophic conditions, but the mRNAs of both genes disappeared after a 2 d dark incubation (Tabei et al. 2007 ). The expression of fbaA was induced under LAHG conditions, while that of fda was induced by glucose but suppressed by pulsed light, suggesting that class-II FBA plays a main role in LAHG (Tabei et al. 2007 ). Moreover, the induction of fbaA expression was not observed in the deletion mutant Ásll1330, indicating that fbaA expression is up-regulated by sll1330, while fda expression was not affected by gene products of sll1330 (Tabei et al. 2007) .
Cyanobacteria, as well as many other photosynthetic organisms, can modulate their energy metabolism and other physiological behavior in response to ambient light conditions (Chen et al. 2004 , Yoshihara and Ikeuchi 2004 , Kehoe and Gutu 2006 , Dong and Golden 2008 , Jékely 2009 ). Regulation by photoreceptor(s) (Montgomery 2007) and sensing system(s) that monitor products or cellular states in response to light (Singh et al. 2008) has been gradually revealed. In this study, we showed the existence of two light-dependent regulatory pathways for the expression of the gene for FBA, fbaA, which is involved in both glycolysis and photosynthesis.
Results and Discussion
Photic regulation of fbaA gene expression by photosynthesis and glucose plus pulsed light
Since the transcript level and activity of FBA increase under LAHG conditions (Tabei et al. 2009 ), the effects of D-Glc and light on fbaA gene expression in the wild type were first analyzed (Fig. 1A, B) . For analyses, cells incubated in the dark for 2 d (dark-incubated cells) were used, in which the fbaA transcripts decreased to an almost undetectable level. The transcript level of fbaA was increased by D-Glc plus pulsed light (GPL) (5 min of pulsed light). However, with only pulsed light, the stimulatory effect was very small, and D-Glc without light was almost completely ineffective. These results indicated that GPL was important for full expression and the maintenance of a high level of fbaA mRNA, suggesting that the initiation of transcription of fbaA was triggered by light, and further transcriptional activation and/or stabilization of the transcripts in the dark was due to D-Glc. To characterize the effect of D-Glc on the stability of the transcripts, we determined the fbaA transcript level, using cells grown under the light conditions, because in dark-acclimated cells the fbaA transcripts were almost undetectable. In cells grown in light, the stabilizing effect of D-Glc was not so large, although it retarded the decrease in the fbaA transcript level in the presence of rifampicin to some extent ( Supplementary Fig. S1 ). This finding suggests that its stimulatory effect on transcription is probably more obvious, although the possibility that a different tendency might be seen in dark-acclimated cells could not be excluded. In continuous light, fbaA expression was induced even in the absence of D-Glc, as well as under GPL conditions (Fig. 1A, B) . These results suggest that two pathways might exist for the induction of fbaA transcription; a continuous light-dependent pathway and a GPL-dependent pathway.
Our previous results demonstrated that the product of the sll1330 gene was involved in the transcription of glycolytic genes, i.e. glk (sll0593), pfkA (sll1196), fbaA (sll0018), gpmB (slr1124) and pk (sll0587) (Tabei et al. 2007 ), under GPL conditions. Thus, whether or not sll1330 is also related to fbaA expression in continuous light was examined, using the deletion mutant Ásll1330. The transcript level of fbaA in the mutant was up-regulated in continuous light as in the wild type, whereas it was not increased by GPL (Fig. 1A, C) . This finding indicates that the product of the sll1330 gene functions in the GPL-dependent pathway, but not in the continuous Effects of glucose and pulsed light intensity on the transcript level of fbaA Whether or not D-Glc can be replaced by glucose analogs in the GPL-dependent pathway was examined ( Fig. 2A) . When L-glucose (L-Glc) was applied, the fbaA transcripts were slightly induced by 5 min pulsed light irradiation, but their levels gradually decreased in the subsequent dark treatment, possibly due to the failure of L-Glc to enter the cells (Gogarten and Bentrup 1989) . In contrast, fbaA transcription was enhanced by the addition of 3-O-methylglucose (3-OMG), which is transported into the cells, but not phosphorylated by hexokinase Schmetterer 1986, Joset et al. 1988) . Similarly, the addition of mannose (Man) and 2-deoxyglucose (2-dGlc), which are substrates of hexokinase (Klein and Stitt 1998) , was effective for increasing the transcript level of fbaA ( Fig. 2A) . These results suggest that the increase in the fbaA mRNA level by the addition of glucose is caused by the intracellular glucose molecule itself, and not by its metabolite(s).
The light requirement for fbaA expression was characterized with respect to its dependence on the light intensity and exposure time ( , was insufficient to induce the transcription of fbaA. As the light intensity increased, however, the mRNA level increased, and was saturated at an intensity of 10 mmol photons m -2 s -1 (Fig. 2B) . Next, the effect of the irradiation time on the transcript level of fbaA was investigated at 20 mmol photons m -2 s -1 (Fig. 2C ). Irradiation time of between 60 and 300 s increased the transcript level of fbaA in a time-dependent manner, whereas irradiation times between 5 and 30 s were not effective. These results suggested that the induction of fbaA expression occurred when the amount of photons reached more than a critical threshold. Thus, the transcript level of fbaA in cells that were exposed to equal amounts of photons by adjusting the light intensity and the duration of irradiation was examined. When the amount of photons was 30 mmol photons m -2 s -1
, similar time course changes in the expression of fbaA were observed (Fig. 2D) , indicating that the total amount of photons rather than the light intensity and the duration of irradiation are critical for the regulation of fbaA expression in the presence of D-Glc.
Effects of deletion of the hik8 gene on the transcript levels of sll1330 and fbaA, and cellular phenotypes
The histidine kinase Hik8 has been shown to regulate the expression of the genes involved in glucose metabolism (Singh and Sherman 2005) . To determine if hik8 is involved in fbaA expression, the transcript levels of hik8, sll1330 and fbaA in the wild type and a hik8 disruption mutant, Áhik8 (Fig. 3A, B) , were analyzed. When D-Glc was supplied to dark-incubated wild-type cells without pulsed light, the expression of hik8 and sll1330 was induced, but that of fbaA was hardly detected (Fig. 3C) . When the wild-type cells were exposed to GPL, the transcript levels of fbaA, sll1330 and hik8 all increased (Fig. 3D) . On the other hand, in the Áhik8 mutant, the expression of neither sll1330 nor fbaA was induced, even by GPL (Fig. 3D) . These results suggest that Hik8 regulates the expression of sll1330 and fbaA under GPL conditions, and that the site where Sll1330 functions is located downstream of Hik8 in the signal transduction pathway.
When dark-incubated wild-type and Áhik8 cells were cultivated under LAHG conditions for 8 d, the optical density values at 730 nm for Áhik8 were markedly repressed as compared with those for the wild type (Fig. 3E) . This can be explained by a deficiency in the ability to use glucose as a carbon source for growth. Hik8 exhibits significant protein sequence similarity to SasA from Synechococcus sp. PCC 7942, which is involved in circadian rhythm (Kondo et al. 1993 , Iwasaki et al. 2000 . In PCC 6803, circadian oscillation of the expression levels of glycolytic genes including gap1 (slr0884) and pfkA (sll1196) has been shown, and a similar rhythm of oscillation has been demonstrated for sll1330 expression (Kucho et al. 2005) . Additionally, our data showing that hik8 is required for gap1 gene expression (Horii et al. unpublished results) suggest that gap1 expression is also involved in the network functioning under GPL conditions. Although the role of Hik8 in circadian regulation is not clear in PCC 6803, Sll1330 may be involved in the circadian control of glycolytic gene expression.
Effect of the transcript level of fbaA on enhanced expression of sll1330 in the absence of glucose
The results described above suggest that the activation of fbaA expression by pulsed light can be divided into two steps, activation of Sll1330 expression by D-Glc, followed by activation of fbaA expression by pulsed light in the presence of Sll1330. To prove the interaction of Sll1330 with pulsed light, the effect of light on fbaA expression in strain E1330, which expresses sll1330 at a moderately high level even in the absence of glucose, was analyzed. The strain was constructed by insertion of the promoter region and open reading frame (ORF) of the chloramphenicol resistance gene (Cm r ) upstream of the sll1330 promoter region (Fig. 4A, B ) (Cohen and Meeks 1997) . Semi-quantitative reverse transcription-PCR (RT-PCR) confirmed the increased levels of sll1330 transcripts in the recombinant strain. sll1330 transcripts were present even in the dark-incubated cells, although the level was low, and they were increased by pulsed light with or without glucose (Fig. 4C) . This expression pattern may reflect the general transcription activity in cyanobacteria, which is commonly low in the dark (Doolittle 1979) . The transcription of sll1330 in this strain is probably initiated by both the authentic sll1330 promoter and the Cm r promoter introduced upstream of the sll1330 promoter region. fbaA transcripts in the strain were scarcely detected in the dark even though a small amount of sll1330 transcripts existed (Fig. 4C) . In contrast, after pulsed light, fbaA transcripts were significantly up-regulated with or without glucose (Fig. 4C) . These findings suggest that both Sll1330 and pulsed light are required for the activation of fbaA transcription. In the wild type, Sll1330 synthesized in the presence of D-Glc is considered to accept the light signal and to induce the fbaA expression.
A schematic model of a signal transduction network involved in fbaA expression controlled by light A schematic model for the regulation of fbaA expression through two-independent pathways in PCC 6803 is shown in Fig. 5 . fbaA expression is regulated by both continuous light irradiation and GPL, and Sll1330 is only involved in the latter regulatory pathway. In the GPL pathway, Sll1330, the accumulation of which is induced by glucose in a Hik8-dependent manner, transduces the signal from pulsed light to stimulate fbaA expression. To our knowledge, this is the first report suggesting the existence of two independent regulatory pathways mediated by light and glucose for a glycolytic gene of cyanobacteria.
In addition to sll1330, sll0921, slr1584, slr1837 and slr1909 were found to be response regulator gene candidates, which, like sll1330, are up-regulated by GPL. These genes were, however, revealed later not to be involved in signal transduction, since fbaA expression was activated by GPL even in the respective deletion mutants ( Supplementary Fig. S2 ). As for photoreceptors, the fbaA expression induced by GPL was observed in a wide wavelength range, i.e. between 400 and 700 nm, suggesting that several photoreceptors are involved in this light pulse stimulation ( Supplementary Fig. S3 ). Actually, a single deletion in one of the putative photoreceptor genes (Rockwell et al. 2006) , sll0779 or slr0359, does not affect the induction of fbaA expression induced by GPL (Yoshida et al. unpublished results) . Concerning sigma factors, fbaA gene expression is repressed in mutants which overexpress sigma factor E (SigE) , suggesting that SigE has an inhibitory effect in the regulatory network either directly or indirectly. The involvement of Sll1330 in the accumulation of transcripts of several sugar catabolic genes, i.e. gap1 (slr0884), pfkA (sll1196), glgP (slr1367) and glgX (slr1857), has also been shown under nitrogen-starved conditions ). In addition, DNA microarray analyses revealed that the expression of sll1330 was up-and down-regulated by high salt and low CO 2 stress, respectively (Martin et al. 2004 , Wang et al. 2004 . The integration of the transduction of multiple signals in twocomponent regulatory systems has also been reported for other bacterial systems, e.g. in osmotic and anaerobic stress responses in Escherichia coli, and in responses to changes in the ion environment in Salmonella (Bijlsma and Groisman 2003) . The regulation shown in Fig. 5 seems to be a typical example of the integration of multiple environmental signals in a very important network to coordinate cellular growth and metabolism, in which the light environment and nutrient conditions are integrated by an Sll1330-dependent system. Further studies are necessary to elucidate the precise molecular mechanism responsible for this phenomenon and to provide further insights into the regulatory mechanism for D-Glc utilization in cyanobacteria.
Materials and Methods

Algal cells and culture conditions
A glucose-tolerant strain of PCC 6803, isolated by Williams (1988) , was cultivated photoautotrophically in BG-11 medium (Rippka et al. 1979 ) including 20 mM TES-KOH buffer (pH 8.2) under continuous illumination at 40 mmol photons m -2 s -1 and aeration with air containing 2% CO 2 (Tabei et al. 2007) . Cells grown in BG-11 medium until the late exponential phase were adapted in the dark for 2 d, and then the dark-incubated cells were treated with GPL [D-Glc (5 mM) plus pulsed light (20 mmol photons m -2 s -1
, 5 min), unless otherwise specified]. When the effect of pulsed light on fbaA expression was examined, the light , and 5 and 300 s, respectively. If necessary, a glucose analog (L-Glc, 3-OMG, Man or 2-dGlc; 5 mM) was added to the dark-incubated cultures in place of D-Glc. In addition to the wild type, mutants Ásll1330 (Tabei et al. 2007 ), Áhik8 and E1330 (see below) were used to examine the fbaA regulatory network. Cellular growth was monitored as the absorption at 730 nm with a spectrophotometer (DU640; Beckman Coulter).
Construction of hik8 deletion and sll1330-enhanced expression transformants
To construct the hik8 mutant Áhik8, the hik8 coding region was amplified by PCR with primer sets Hik8-F (5 0 -TCATCTTCG TCCCTGACCG-3 0 ) and Hik8-R1 (5 0 -CCCCGGAATAACCCACG G-3 0 ). The amplified PCR fragments were cloned into the pGEM T-easy vector (Promega). The plasmids were cut with SmaI and then ligated with a 2.0 kb spectinomycin resistance gene (Sp r ) cassette. The resultant vector was introduced into PCC 6803 to obtain the hik8 mutant. The spectinomycin-resistant cells were isolated and streaked on plates supplemented with 40 mg ml -1 spectinomycin several times for segregation.
To construct the sll1330-enhanced expression transformant E1330, the sll1330 coding region was amplified by PCR with primer sets E1330-F (5 0 -TCTGAATGGGGAACCAATCC-3 0 ) and E1330-R (5 0 -CTGAATTAGACTGGGTTGCC-3 0 ), and then cloned into the pGEM T-easy vector to obtain plasmid psll1330-TA. The terminator-less Cm r from pACYC184 (Midorikawa et al. 2012) was amplified by PCR with primer sets 5 0 -CGG TGCTTTTGCCGTTAC-3 0 and 5 0 -TCAGGCGTAGCACCAGGC -3 0 , and then inserted into the psll1330-TA HpaI site. PCC 6803 was transformed with the resultant plasmid, and transformants were selected on plates containing chloramphenicol (25 mg ml -1 ). After the mutants had been streaked multiple times over 4 weeks, complete segregation was confirmed by PCR, using primer sets Hik8-F and Hik8-R2 (5 0 -ATCAGTTCCC CGGAATAACC-3 0 ) for Áhik8, and E1330-F and E1330-R for E1330.
RNA isolation and Northern hybridization
Total RNA was extracted from 300 ml aliquots of cultures at various time points by phenol-chloroform extraction, and then precipitated with ethanol. The quantity and purity of the RNA were determined by optical density measurements at 260 and 280 nm with a spectrophotometer. Total RNA (10 mg per lane) was fractionated on 1.2% agarose gels containing 5% formaldehyde and then transferred to Zeta-probe blotting membranes (Bio-Rad). For Northern hybridization, a DNA fragment of fbaA was amplified by PCR, using primers 5 0 -ATTTCGATCATGCAG GCCG-3 0 and 5 0 -GGAAGAACCGTGCATTACC-3 0 , and then labeled with [a- 32 P]dCTP using a Megaprime labeling kit (Amersham Pharmacia). The membranes were hybridized with the 32 P-labeled DNA fragment. Hybridization signals were detected with a BAS-2000 bio-image analyzer (Fuji Film). 
Semi-quantitative RT-PCR
For semi-quantitative RT-PCR analysis, total RNA was treated with RNase-free DNase I (TAKARA BIO INC.), and then reverse-transcribed with ReverTra Ace (Toyobo) and random primers (TAKARA BIO INC.). The following primers were used for the analysis: 5 0 -ATTTCGATCATGCAGGCCG-3 0 and 5 0 -GGA AGAACCGTGCATTACC-3 0 for fbaA; 5 0 -GTAGAGGGTAACCC CCATCTC-3 0 and 5 0 -CCCAGCCTTTAACCCATGGAC-3 0 for sll1330; and 5 0 -AGTTAGGGAGGGAGTTGC-3 0 and 5 0 -TAAGC CGGGTTCTGTTCC-3 0 for rnpB. The rnpB gene, which encodes a subunit of RNase P and is not subject to variable expression under different trophic conditions (Frias et al. 1994) , was used as an internal control in the semi-quantitative RT-PCR determinations. The optimal conditions for the semi-quantitative RT-PCRs were established after varying the number of cycles, taking into consideration the exponential phase of the PCR (data not shown). Based on the results, the semi-quantitative RT-PCRs were carried out with 100 ng of cDNA and KOD plus DNA polymerase (Toyobo). To check for contamination by genomic DNA, RT-PCRs were performed on RNA without ReverTra Ace (data not shown). Aliquots of 10 ml of amplified products were run on 1.2% agarose gels and then stained with ethidium bromide.
Supplementary data
Supplementary data are available at PCP online. Expression of fbaA is positively regulated through different pathways involving continuous light and GPL. The latter pathway is positively regulated by hik8 and sll1330. hik8 expression is induced by glucose, and then Hik8 induces sll1330 expression. Light is involved in the expression of fbaA via Sll1330. *N starvation and salt stress up-regulate sll1330 expression, while low CO 2 down-regulates it , Marin et al. 2004 , Wang et al. 2004 ). The pathway stimulated by GPL is indicated by black dotted and gray arrows, while that stimulated by continuous light is shown by a white arrow. A thin line and a thin dotted line show pathways up-regulated and down-regulated by various stimuli, respectively. See the Results and Discussion for further explanation.
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